Bacterial ribosomal protein L11 is post-translationally trimethylated at multiple residues by a single methyltransferase, PrmA. Here, we describe four structures of PrmA from the extreme thermophile Thermus thermophilus. Two apo-PrmA structures at 1.59 and 2.3 Å resolution and a third with bound cofactor S-adenosyl-L-methionine at 1.75 Å each exhibit distinct relative positions of the substrate recognition and catalytic domains, revealing how PrmA can position the L11 substrate for multiple, consecutive side-chain methylation reactions. The fourth structure, the PrmA-L11 enzyme-substrate complex at 2.4 Å resolution, illustrates the highly specific interaction of the N-terminal domain with its substrate and places Lys39 in the PrmA active site. The presence of a unique flexible loop in the cofactor-binding site suggests how exchange of AdoMet with the reaction product S-adenosyl-L-homocysteine can occur without necessitating the dissociation of PrmA from L11. Finally, the mode of interaction of PrmA with L11 explains its observed preference for L11 as substrate before its assembly into the 50S ribosomal subunit.
Introduction
Post-synthesis modification of proteins and nucleic acids is a ubiquitous phenomenon in biology. One of the most frequently encountered modifications is methylation, and substantial cellular effort is devoted to this process in terms of both the synthesis of donor substrate, S-adenosyl-L-methionine (AdoMet), and the enzymatic machinery required to catalyze the methylation reactions. AdoMet-dependent methyltransferases (MTs) form one of 15 distinct families of AdoMet binding proteins, and they are further divided into five structurally distinct classes (Schubert et al, 2003a; Kozbial and Mushegian, 2005) . The catalytic domain structure of the largest class I family is characterized by a central seven-stranded b-sheet that is flanked by three helices on each side and is structurally similar to Rossmann-fold domains. This catalytic domain structure is generally well conserved between family members, and substrate specificity is achieved by additional substrate recognition domains that are inserted in various regions throughout the catalytic fold (Martin and McMillan, 2002) . Class I MTs recognize a wide variety of substrates, including nucleic acids and protein side chains. Among the substrates for methylation are components of the protein synthesis apparatus, including tRNAs and rRNAs (Limbach et al, 1994) , ribosomal proteins L3 and L11 (Colson et al, 1979) , elongation factor Tu (EF-Tu) (Vannoort et al, 1986 ) and polypeptide release factors 1 and 2 (RF1 and RF2) (Heurgue-Hamard et al, 2002) .
The most heavily methylated component of the bacterial translational apparatus is ribosomal protein L11, a universally conserved component of the large ribosomal subunit and an active participant in interactions of the ribosome with protein synthesis factors during the initiation, elongation and termination phases of translation. L11 consists of a 23S rRNAbinding C-terminal domain and an N-terminal domain responsible for direct ribosome-factor contacts (Wimberly et al, 1999; Agrawal et al, 2001) . Cryo-electron microscopic (cryo-EM) reconstructions of 70S ribosome-elongation factor complexes demonstrate direct contact between the N-terminal domain of L11 and elongation factors G (EF-G) (Agrawal et al, 2001) or Tu (Stark et al, 2002; Valle et al, 2003) . The formation of an arc-like connection between L11 and EF-G requires a movement of the N-terminal domain that is facilitated by the flexible interdomain linker (Agrawal et al, 2001) . This domain also comprises part of the binding site of the antibiotic thiostrepton, known primarily as an inhibitor of productive EF-G binding to the ribosome (Cameron et al, 2002 (Cameron et al, , 2004b , and a number of single amino-acid substitutions in the N-terminal domain confer thiostrepton resistance (Cameron et al, 2004b) . The methyltransferase responsible for methylation of L11 is PrmA, encoded by the prmA gene, which trimethylates multiple residues in the L11 N-terminal domain (Vanet et al, 1993 (Vanet et al, , 1994 Cameron et al, 2004a) . The location of the modified residues near the site of contact with elongation factors suggests a functional role for these methylations (Cameron et al, 2004a) . However, although the phylogenetic conservation of the recognition sequence and the critical functional role of the N-terminal domain of L11 have been well established, no function of the methylations by PrmA has been identified. Similar to a number of other ribosome and tRNA modifying enzymes, PrmA is dispensable, as demonstrated by the viability of prmA-null mutants of Escherichia coli (Vanet et al, 1993) and Thermus thermophilus (Cameron et al, 2004a) .
PrmA in E. coli introduces a total of nine methyl groups at three amino-acid positions, trimethylating the a-amino group of the N-terminal amino acid and the e-amino group of two lysine residues, Lys3 and Lys39 (Dognin and WittmannLiebold, 1980 ). Matrix-assisted laser desorption ionizationtime of flight mass spectrometric analysis indicates that T. thermophilus PrmA trimethylates an additional fourth residue (Cameron et al, 2004a) . The trimethylation of multiple, spatially dispersed residues on the same protein suggests the existence of a substrate recognition mechanism with unusual structural plasticity. However, there are currently no data clearly indicating how PrmA interacts with L11, although what is known suggests a number of testable, alternative hypotheses. PrmA may modify all four sites in a single binding event or it may dissociate and reassociate with each modification. If PrmA does adopt distinct binding modes for each modification, it may or may not have a preferred order of methylation.
A crystal structure of the apo-form of T. thermophilus PrmA (PDB code 1UFK; Kaminishi et al, 2003) shows PrmA to be comprised of two domains connected by an extended and potentially flexible linker, suggesting that relative domain movement may contribute to the ability of PrmA to modify multiple residues. The structure of full-length L11 from Thermotoga maritima has previously been determined in the apo-form (Ilin et al, 2005) and in the RNA-bound form (Wimberly et al, 1999) . In these two structures, the C-terminal RNA-binding domain and N-terminal domain assume different orientations relative to one another. Furthermore, results from a recent NMR analysis of the L11 conformation indicate that significant domain reorientation must occur upon binding 23S rRNA via an induced fit mechanism (Ilin et al, 2005) . This ability of L11 to engage in relative domain movement, and the possibility for PrmA to do so as well, suggests that domain movement of both proteins may contribute to the methylation mechanism. Finally, recombinant PrmA is catalytically active and preferentially modifies free L11 before its assembly into the 50S ribosomal subunit (Cameron et al, 2004a) , but whether this is due to conformational differences between free and ribosome-bound L11, or if PrmA recognizes a portion of L11 that is unavailable in the intact 50S subunit has not previously been determined.
With the ultimate goal of dissecting the PrmA-L11 recognition mechanism, we determined the structure of PrmA from T. thermophilus HB8 in four distinct conformations: two apoenzyme structures, a PrmA-AdoMet enzyme-cofactor complex and a PrmA-L11 enzyme-substrate complex. Our results reveal how PrmA binds to L11 and show clearly that a wide range of domain movements of PrmA are possible, which in turn suggests how a single enzyme can trimethylate residues at multiple positions on L11 without necessitating dissociation of the enzyme-substrate complex.
Results
The structure of PrmA We determined the structure of PrmA in three different space groups and in a complex with its substrate, ribosomal protein L11. The structure of PrmA in space group C2 (hereafter referred to as PrmA1) was solved by molecular replacement with PDB entry 1UFK (Kaminishi et al, 2003) as a search model to 1.59 Å resolution. We subsequently crystallized PrmA in two other space groups, P2 1 2 1 2 (PrmA2, 2.3 Å resolution) and R3 (PrmA3 in complex with the cofactor AdoMet, 1.75 Å resolution). Crystals in space groups P2 1 2 1 2 and R3 were obtained from crystallization experiments for the protein complex between PrmA and L11 containing a K39A single-site mutation. PrmA forms a tight-binding complex with the L11 K39A mutant protein. These experiments aimed to trap a second complex conformation; however, instead of the protein-protein complex, we obtained crystals of PrmA. Despite continued efforts, we have not been able to obtain complex crystals with L11 K39A. For structure solution by molecular replacement in space groups P2 1 2 1 2 and R3, the PrmA N-terminal domain (residues 1-54) and C-terminal domain (residues 69-254) had to be located separately and the connecting region between the domains was built manually. For all three data sets, the majority of residues (95.5, 89.9 and 93.7%) are in the most favored region of the Ramachandran plot with no residues in the disallowed region.
In PrmA1 and PrmA2, all residues are well defined in the electron density map with the exception of residues 97-101, which are disordered and were omitted from the final model. Clear electron density for residues 97-101 was however found in the presence of AdoMet in data set PrmA3. This region is in close proximity to the AdoMet-binding site, and defines a highly conserved sequence motif in all PrmAs (Figure 1 ). Two glycine residues (Gly96 and Gly102) form flexible hinges on both sides of a short loop (hereafter referred to as the glycinerich loop) that closes over the bound cofactor (discussed below).
PrmA consists of two domains that are connected by a flexible linker helix (Figure 2A and B) . The large C-terminal catalytic domain forms a canonical class I Rossmann-like methyltransferase fold with high structural similarity to PrmC. A central seven-stranded b-sheet is flanked by helices on both sides. A small additional three-stranded b-sheet is tightly anchored to the Rossmann-like domain and serves as an anchor for the linker helix a2. The small N-terminal domain consists of a four-stranded b-sheet that is partially flanked by the linker helix a2 and the N-terminal helix a1 on each side. The N-terminal domain is unique to PrmA and is capable of binding to the substrate protein L11 on its own (data not shown). Intriguingly, a database search with the program DALI (Holm and Sander, 1993) revealed that the PrmA N-terminal domain (residues 1-54) is structurally related to domain V of the ribosomal translation elongation factor G (EF-G, Dali Z-score 5.3, 53 Ca atoms aligned with 2.4 Å r.m.s.d.), which is located in close proximity to protein L11 in cryo-EM reconstructions of ribosomes complexed with EF-G (Agrawal et al, 2001) .
Least-squares alignment of the PrmA catalytic domains of the three different crystal forms and the protein complex structure illustrates a remarkable conformational flexibility of the N-terminal domain with respect to the catalytic domain ( Figure 2C ). The N-terminal and C-terminal domains remain basically unchanged in all four crystal structures (r.m.s.d.s of 0.61 Å between PrmA1 and PrmA2, 0.354 Å between PrmA1 and PrmA3 and 0.81 Å between PrmA1 and the complex structure for residues 1-54; r.m.s.d.s of 0.48, 0.49 and 0.44 Å , respectively, for the catalytic domain between residues 70 and 254). However, the domain location with respect to the catalytic domain is unique in each crystal form. Helix a2 serves as a rotation axis for a rigid-body rotation of the N-terminal domain of approximately 551 between PrmA1 and PrmA2 and approximately 1801 between PrmA1 and the complex structure. For the cofactor-bound form PrmA3, we observed an additional swiveling domain motion that tilts the N-terminal domain by about 451 and positions it closer to the active site than in all other structures. The large rotation between the different crystal forms suggests that the location of the PrmA N-terminal domain with respect to the catalytic domain is not stabilized by interdomain contacts and probably moves freely in solution. Overall, the observed high flexibility of the N-terminal substrate recognition domain is consistent with the unique requirement of PrmA to position its protein substrate in several different orientations in order to methylate several side chains, and suggests that PrmA is capable of fully methylating all side chains without releasing the substrate.
The cofactor-binding site
Crystal forms PrmA1 and PrmA2 consist of the apo-enzyme. We were unable to obtain cofactor-bound forms of these crystals by either soaking or co-crystallizing with AdoMet or S-adenosyl-L-homocysteine (AdoHcy). The cofactor-bound crystal form PrmA3 was obtained during attempts to cocrystallize the PrmA-L11 K39A complex in the presence of AdoMet. These crystals were found to contain PrmA alone with AdoMet in the cofactor-binding site. Cofactor electron density is well defined in the 1.75 Å electron density map of PrmA3 ( Figure 3B ).
As seen in other class I methyltransferases, AdoMet is bound in a canonical conformation above the b-sheet and close to the conserved GxGxG signature motif between strand bc1 and helix ac2 ( Figure 3A ). The adenine ring is located in a hydrophobic pocket that is lined by residues Leu127, Ile150, Leu192 and Leu196. The N1 atom of adenine is recognized specifically by the methyltransferase through a hydrogen bond to Ser175, which anchors the adenosine in the hydrophobic pocket, whereas the adenine N6 and N7 atoms form additional favorable interactions with solvent water molecules W164 and W226. Both ribose hydroxyl groups form hydrogen bonds with the strictly conserved Asp149. The strictly conserved Thr107 and Asn191 recognize the AdoMet methionine carboxyls, and the amino group forms a hydrogen bond to the Gly128 (part of the GxGxG signature motif) main-chain carbonyl and two solvent water molecules. The hydrophobic Phe99 from the glycine-rich loop stacks very close to the AdoMet sulfur atom and might contribute to the enzymatic function by destabilizing the cofactor. Not surprisingly, all residues in the AdoMet-binding site are strictly conserved between all PrmAs despite lower overall sequence similarity, as is the glycine-rich loop with the central Phe99.
The PrmA-L11 complex structure PrmA-L11 complexes readily produced large crystals (0.22 Â 0.22 Â1.0 mm). However, the diffraction limit of most crystals was only between 2.5 and 3 Å , indicating that parts of the complex are not fully ordered in the crystal lattice. We solved the structure by molecular replacement in space group P6 5 using the coordinates of PrmA1 and the published coordinates of T. maritima L11 (PDB code 1MMS; Figure S2 for full alignment). Secondary structure elements are indicated on top based on the L11 structure in complex with RNA (PDB code 1MMS). The position of substrate lysine residues for E. coli L11 are labeled '#'. Wimberly et al, 1999 ) as a search model. The PrmA C-terminal catalytic domain and the L11 N-terminal domain could be located automatically, but all available molecular replacement packages failed to locate the other two domains. To place the L11 C-terminal domain and the PrmA N-terminal domain, we partially traced both domains in difference electron density maps obtained from the partial solution and placed the missing domains by least-squares alignment with the manually built model. In the final model, the electron density for the PrmA catalytic domain and the L11 N-terminal domain is well defined (Figure 4B ), but the electron density for the PrmA N-terminal domain and the L11 C-terminal domain is weaker, indicating that both domains are partially disordered in the complex crystal. The average temperature factors for the PrmA catalytic domain and the L11 N-terminal substrate domain are 38 and 62 Å 2 , respectively, compared with 94 and 97 Å 2 for the PrmA N-terminal domain and the L11 C-terminal domain (restricting B factors to a maximum value of 100 during refinement).
In the final model for the complex structure, the PrmA N-terminal domain assumes yet another orientation as compared with the three PrmA-only structures ( Figures 2C and  4A ). The conformations of both the catalytic and the N-terminal domains are similar to those observed in the unbound PrmA structures with an r.m.s.d. of 0.44 Å for the catalytic domain and 0.81 Å for the N-terminal domain relative to PrmA1. In contrast to previous structures of protein L11, the first seven residues are ordered in our complex structure, mainly owing to a crystal contact between the L11 N-terminal amino group and a Glu85 carboxylate from a neighboring PrmA molecule.
As anticipated, the N-terminal substrate recognition domain forms extensive contacts with L11. Complex formation buries a surface area of 1677 Å 2 of the total PrmA surface of 11 409 Å 2 , with a contribution of 1228 Å 2 from the PrmA N-terminal domain and linker region (residues 1-68). Despite the large complex interface, only seven hydrogen bonds are formed between the proteins and only two of these involve the PrmA catalytic domain. The PrmA N-terminal domain recognizes L11 with three main motifs, two of which contact the L11 N-terminal domain ( Figure 4C ). An extended b-sheet is formed connecting the N-terminal L11 b-sheet with b4 from the PrmA N-terminal domain. The second motif consists of a hydrophobic interface formed by Trp29, Phe38 and Trp59 (from the PrmA linker helix a2) that interacts with the highly conserved Pro-rich loop region of L11. Finally, helix a1 inserts between both L11 domains ( Figure 4D ). In this third motif, Phe21 of helix a1 forms hydrophobic interactions with Pro13 and Ile52 from the L11 N-terminal domain, and L11 Ser75 and Lys86 establish hydrogen bonds with main-chain carbonyls from Pro15 and Gly19 of PrmA. In our model, PrmA Asp22 and L11 Arg79 are positioned to form a salt bridge between both proteins, but remain at a distance of 3.8 Å . It is however conceivable that a reorientation of both proteins establishes this interaction during methylation of another L11 residue. In contrast to the substrate recognition interface, the interface between the L11 N-terminal domain and the PrmA catalytic domain is substantially smaller with 466 Å 2 of buried surface area ( Figure 4D ). L11 helix a2 is positioned across the surface of the catalytic domain with the side chain of Lys39 projecting into the active site. The interface region is mostly dominated by hydrophobic interactions and hydrogen bonds between PrmA Arg223 and L11 Asn47 and between PrmA Asn191 and L11 Lys39. Tyr193 is the only residue in the PrmA interface area that changes its orientation and rotates toward Ala43 and Ala46 of the L11 helix a2.
Protein L11 is bound to PrmA in an overall conformation closely resembling the rRNA-bound form (r.m.s.d. 1.8 Å ; Figure 4E ). One important conclusion drawn from the structure of the complex is that the binding surfaces of L11 used to interact with rRNA and PrmA overlap, precluding simultaneous binding and thereby inhibiting modification of ribosome-bound L11. This observation explains previous biochemical data indicating the preferential methylation of L11 before its incorporation into the 50S ribosomal subunit (Cameron et al, 2004a) .
In summary, the PrmA N-terminal domain forms the majority of contacts by a combination of shape complementarity, b-sheet formation between both proteins and recognition of key structural features of L11, such as the proline-rich loop. The smaller interface with the catalytic domain is dominated by hydrophobic interactions that establish a favorable but nonspecific protein-protein contact. The observed binding pattern is consistent with the requirements for specific substrate recognition with retention of conformational flexibility to position different side chains in the active site.
The PrmA active site
Despite intense efforts to obtain ternary complexes, we were unable to observe electron density for AdoMet or AdoHcy in several complex structures. We therefore modeled the position of AdoMet in the PrmA-L11 complex by least-squares alignment of PrmA with the cofactor-bound structure PrmA3. Similar to the apo-PrmA structures, the glycine-rich loop is disordered in the complex structure in the absence of the cofactor. However, only residues 99 and 100 could not be traced and were omitted from the final model. A comparison of the PrmA surfaces formed in the absence and presence of cofactor shows that the loop region is not directly involved in the binding interface and the cofactor-binding site is significantly more open in the absence of the loop ( Figure 5 ).
In the PrmA-L11 complex structure, Lys39 of L11 assumes an extended conformation that inserts into the PrmA active site ( Figure 5 ). The bottom of the active site cavity is formed by Asn191, Thr106 and Thr107, whereas the wall is lined by Phe99, Tyr193, Trp247 and His104. The amino group of Lys39 of L11 is positioned at a distance of 2.6 Å from the AdoMet methyl group and 3.3 Å from Asn191, which also coordinates to the AdoMet carboxylates. There are no residues present that could restrict the rotational movement of the Lys39 side chain, as would be expected for a trimethyltransferase.
Lysine trimethylation by a processive catalytic mechanism requires the presence of a general base for substrate deprotonation. A potential general base, His104, is placed on the opposite side of the cofactor at a distance of 5.3 Å between the ND1 nitrogen and the Lys39 amino group and forms hydrogen bonds to Thr106 and a solvent water molecule, W182. It is conceivable that a rotation of the lysine side chain could bring the amino group in close proximity to His104 acting as a general base to accept a proton and later exchange it with solvent water molecules. A functional role for this residue is also supported by the observation that His104, the coordinating Thr106 and Trp247 are strictly conserved in the PrmA family (Figure 1) . The only other residue that could act as a general base is Tyr193, but this residue is not conserved among the PrmAs, and the Tyr193 hydroxyl group is positioned unfavorably and further removed (7.1 Å ) from Lys39.
Discussion
Methylation of L11 by PrmA is unique in its requirement for simultaneous specific recognition and flexible reorientation during catalysis. This is reflected in the remarkable flexibility (Dognin and Wittmann-Liebold, 1980) , whereas T. thermophilus PrmA is expected to methylate these same positions and an additional fourth side chain. Clearly, a very different orientation of L11 with respect to PrmA is required to place the different substrate side chains into the active site. Modeling L11 in a complex with PrmA in its PrmA1 or PrmA2 conformation positions Lys3 in the same plane with the active site such that a simple rotation around the PrmA linker helix a2 will suffice to move Lys3 close to the active site entrance (Supplementary Figure S3) .
Despite the unique overall domain structure of PrmA, the catalytic domain of this enzyme is similar to that of other methyltransferases. This is particularly true of PrmC (Graille et al, 2005) , wherein a b-hairpin and a linker helix are located in a position similar to that of the three-stranded anchoring b-sheet and linker helix of PrmA ( Figure 6A) . Further, the PrmC-RF1 complex structure shows that the positions of the cofactor and the substrate side chain (Lys39 and Gln235) are similar in both methyltransferases ( Figure 6B ). The structural similarity even extends to the position of the PrmA glycinerich loop, where Leu89 of E. coli PrmC (or Phe100 in T. maritima; Schubert et al, 2003b ) assumes a very similar position to the central PrmA Phe99. However, the observed structural flexibility seems to be unique to PrmA, as the glycine loop hinges are not present in PrmC and there is no indication that the loop region of PrmC becomes disordered in the absence of substrate. In contrast to PrmC, the trimethyltransferase PrmA needs to exchange the cofactor twice if lysine trimethylation occurs by a processive mechanism. The strict conservation of the glycine-rich loop sequence and the retention of the cofactor-binding geometry suggest that the observed loop flexibility establishes an elegant mechanism to facilitate cofactor access to the active site and that loop closure might even initiate the enzymatic reaction via the close contact of Phe99 with the AdoMet sulfur atom. This observation therefore suggests a processive catalytic mechanism for lysine trimethylation.
While the PrmA-L11 complex structure is the first substrate-complex structure for a class I protein trimethyltransferase, detailed studies have been performed regarding the structural determinants for mono-and trimethylation reactions in the structurally unrelated histone lysine methyltransferases (Trievel, 2004) . In the SET7/9 monomethyltransferase (Xiao et al, 2003) , a tyrosine residue and a solvent water molecule form hydrogen bonds with the substrate lysine amine, effectively restricting the rotational movement of the amino group after the first methylation reaction. Removal of the tyrosine side chain by mutagenesis broadens the enzymatic specificity from a monomethyltransferase to a trimethyltransferase. The opposite conversion of the trimethyltransferase DIM-5 to a mono-and dimethyltransferase is achieved by introducing an additional tyrosine residue in the active site (Zhang et al, 2003) . Despite the unrelated architecture of the PrmA active site, lysine binding follows similar principles as observed in the SET domain trimethyltransferases. First, the substrate lysine inserts into the active site through a tunnel-like region lined with hydrophobic residues that interact with the alkyl portion. Next, however, instead of coordinating with tyrosines, the amino group is oriented toward AdoMet by a hydrogen bond to Asn191, and finally, there are no additional interacting residues present to restrict rotation of the amino group after the first methylation reaction.
There are currently no data giving a clear indication of the role of L11 methylation. The overlapping of L11-binding sites for PrmA and rRNA as observed in our complex structure makes a role for PrmA as an assembly factor somewhat unlikely, and the location of methylation sites distant from the RNA-binding surface does not support a direct role for the methylations themselves in the assembly process. It is tempting to speculate that methylation might influence the interaction of L11 with any of a number of protein factors. L11 Lys39 on the surface of helix a2 is oriented toward the ribosome surface in a position that is unlikely to interact with either elongation or release factors, whereas Lys3 is positioned such that methylation of this residue could potentially influence interaction with EF-G. L11 methylation does not influence the stringent response (Rohl and Nierhaus, 1979) , although there are other GTPases that interact with the ribosome, and probably with L11 directly, including members of the Obg family of GTPases, which participate in a variety of cellular response pathways (Kukimoto-Niino et al, 2004) .
The dispensibility of PrmA excludes by no means a direct role for methylation of L11 in normal ribosome function. This point is perhaps most clearly illustrated by observations with PrmC. PrmC methylates the N5 position of Q252 in the conserved GGQ motif of RF1 and RF2 (Heurgue-Hamard et al, 2002) , and this methylation has been shown to enhance polypeptide release activity in vitro (Dincbas-Renqvist et al, 2000) . Deletion of prmC in E. coli results in a severe growth defect, but only in the context of a strain-specific mutation of the highly conserved Ala246 of RF2; the growth defect of the prmC-null allele is cured by 'reversion' of Thr246 to Ala. By analogy, the contribution of L11 methylation may be to modulate the accuracy or kinetics of some aspect of ribosome function, such as decoding or translocation, but the contribution of methylation may be detectable only by careful kinetic analyses in vitro. The contribution of methylation may manifest itself in vivo only in concert with specific mutations in L11 or in some other component of the protein synthetic apparatus.
Materials and methods
Construction of an E. coli strain for overexpression of unmethylated T. thermophilus ribosomal protein L11 E. coli BL21 (DE3) was transduced to prmA::Tn10 using P1vir phage grown on KNOK16 (prmA::Tn10) (Vanet et al, 1994) according to standard protocols (Miller, 1992) . Tetracycline-resistant transductants were purified by restreaking twice for single colonies to eliminate P1 lysogens. The resultant strain was designated HD1.
Protein expression, purification and crystallization
Full-length PrmA from T. thermophilus HB8 was subcloned into the pET30b vector (Novagen) and overexpressed in E. coli strain BL21DE3 (Invitrogen) at 293 K. Bacterial cells were lysed by ultrasonification on ice in a buffer containing 20 mM Tris (pH 8.5), 300 mM NaCl, 5 mM b-mercaptoethanol, 0.1% Triton-X 100 and 5% glycerol. The soluble protein was incubated at 338 K for 30 min. Precipitated E. coli proteins were separated by centrifugation and the soluble PrmA was further purified with anion exchange chromatography using a linear gradient of 10 mM to 1 M NaCl concentration and size-exclusion chromatography at pH 8.5 and 200 mM NaCl and 1 mM DTT. Purified PrmA was concentrated to 24 mg/ml in a buffer containing 20 mM Tris (pH 8.0), 150 mM NaCl and 1 mM DTT for crystallization trials. Full-length T. thermophilus L11 was subcloned into the pET11a vector (Novagen) and overexpressed in a BL21 derivative bearing a prmA::Tn10-null allele to obtain the unmethylated form. Soluble L11 was purified in a manner similar to PrmA with the exception that cation exchange chromatography was used. For the formation of the PrmA-L11 complex, purified proteins were mixed in 20 ml of 20 mM Tris (pH 8.0) and incubated at 277 K for 2 h. The complex was then gradually concentrated by centrifugation and further purified by sizeexclusion chromatography. The purified complex was concentrated to 16 mg/ml in a buffer containing 20 mM Tris (pH 8.0).
Crystals of PrmA in space group C2 were obtained with the sitting drop vapor diffusion method at 293 K. The reservoir solution contained 20 mM MES buffer (pH 6.8), 700 mM (NH 4 ) 2 SO 4 , 4% v/v dioxane and 220 mM hexanediol. Initial crystals grew over the course of 2-3 weeks. Streak seeding into pre-equilibrated solution produced large crystals after 1 month with maximum dimensions of 0.5 Â 0.15 Â 0.15 mm.
Crystals in space group P21212 were obtained by sitting drop vapor diffusion at 293 K of the PrmA-L11 K39A complex against a well solution of 85 mM HEPES buffer (pH 7.5) containing 1.7 M (NH 4 ) 2 SO 4, 1.7% w/v PEG400 and 15% v/v glycerol. Crystals in space group R3 were grown with the microbatch method using Al's oil (Hampton Research). A 1 ml portion of protein solution was mixed with 1 ml of a solution containing 95 mM HEPES (pH 7.5), 190 mM CaCl 2 Á 2H 2 O, 26.6% v/v PEG400, and 5% v/v glycerol. Crystals were grown overnight to a maximum size of 0.2 Â 0.16 Â 0.16 mm in space group P2 1 2 1 2 and 0.44 Â 0.22 Â 0.22 mm in R3. The PrmA-L11 complex was crystallized by sitting drop vapor diffusion at 293 K against a reservoir solution containing 85 mM Tris buffer (pH 8.5), 25.5% w/v PEG4000, 120 mM NaAc, 15% v/v glycerol and 4% v/v 1,1,1,3,3,3-hexafluoro-2-propanol. Complex crystals were grown overnight to a maximum size of 1.0 Â 0.22 Â 0.22 mm.
Data collection, structure determination and refinement
Crystals were flash-frozen in liquid nitrogen directly from their mother liquor, except for monoclinic PrmA, which was cryoprotected with the addition of 50% v/v 1,2-propanediol. Diffraction data for PrmA were collected on an ADSC CCD detector at the X4A beamline of the National Synchrotron Light Source in Brookhaven at a wavelength of 0.979 Å and 100 K. Diffraction data for the complex were collected on a Mar345 detector at the X4C beamline at a wavelength of 0.979 Å at 100 K. A single crystal was used for each data set. The diffraction images were processed and scaled with the HKL2000 package (Otwinowski and Minor, 1997) . The data processing statistics are summarized in Table I .
The coordinates of data set PrmA1 and T. maritima L11 (PDB 1MMS; Wimberly et al, 1999) were used as initial search models for structure determination by molecular replacement. The N-and C-terminal domains of PrmA were located independently with the programs COMO (Jogl et al, 2001) and Phaser (McCoy et al, 2005) . The final model contains residues 1-95 and 102-254 for PrmA in 
space group C2, residues 1-54 and 57-254 in chain A and 1-54, 58-96 and 102-254 in chain B in space group P2 1 2 1 2, residues 1-254 in chain A and 1-54 and 58-254 in chain B in space group R3. For the complex structure, the PrmA C-terminal domain and the L11 N-terminal domain were located by molecular replacement. Partial structures were then built manually into F o ÀF c difference density maps with the program O (Jones et al, 1991) , and the full-length domains were placed by least-squares alignment with the partial structures. The final complex model contains residues 1-55, 56-97 and 102-254 of PrmA and 1-139 of L11. The models were refined with Refmac (Murshudov et al, 1997) , and the CCP4 package (Bailey, 1994) was used for subsequent calculations. The stereochemical quality of the models was assessed with PROCHECK (Laskowski et al, 1993) . The Ramachandran statistics (most favored/additionally allowed/generously allowed/disallowed) are 95.5/4.0/0.5/0.0% for PrmA in space group C2, 89.9/9.3/0.8/0.0% for PrmA in space group P2 1 2 1 2, 93.7/5.3/1.0/0.0% for PrmA in space group R3 and 84.3/15.1/0.6/0.0% for the PrmA-L11 complex. The structure refinement statistics are summarized in Table I .
Figures were generated using Pymol (http://pymol.sourceforge. net), Apbs (Baker et al, 2001) , JalView (Clamp et al, 2004) and LigPlot (Wallace et al, 1995) . Sequence alignments were generated with ClustalW (Thompson et al, 1994) .
Accession codes
The atomic coordinates and structure factors have been deposited in the Protein Data Bank with accession codes 2NXC for PrmA in space group C2, 2NXJ for PrmA in space group P2 1 2 1 2, 2NXE for PrmA in space group R3 and 2NXN for the PrmA-L11 complex structure.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
